Venous thromboembolism (VTE), which includes deep vein thrombosis and pulmonary embolism, is an important cause of preventable mortality and morbidity. In this study, we summarize estimates of per-patient and aggregate medical costs or expenditures attributable to incident VTE in the United States. Per-patient estimates of incremental costs can be calculated as the difference in costs between patients with and without an event after controlling for differences in underlying health status. We identified estimates of the incremental per-patient costs of acute VTEs and VTErelated complications, including recurrent VTE, post-thrombotic syndrome, chronic thromboembolic pulmonary hypertension, and anticoagulation-related adverse drug events. Based on the studies identified, treatment of an acute VTE on average appears to be associated with incremental direct medical costs of $12,000 to $15,000 (2014 US dollars) among first-year survivors, controlling for risk factors. Subsequent complications are conservatively estimated to increase cumulative costs to $18,000-23,000 per incident case. Annual incident VTE events conservatively cost the US healthcare system $7-10 billion each year for 375,000 to 425,000 newly diagnosed, medically treated incident VTE cases. Future studies should track long-term costs for cohorts of people with incident VTE, control for comorbid conditions that have been shown to be associated with VTE, and estimate incremental medical costs for people with VTE who do not survive. The costs associated with treating VTE can be used to assess the potential *
Introduction
Estimates of costs of disease can be used to project the benefit of prevention [1, 2] . Venous thromboembolism (VTE), comprising deep vein thrombosis (DVT) and pulmonary embolism (PE), is associated with more than one-half million hospitalizations in the United States (US) each year [3] , and is a contributing cause in 100,000 or more deaths [4, 5] . It causes long-term morbidity, notably post-thrombotic syndrome (PTS) following DVT and chronic thromboembolic pulmonary hypertension (CTEPH) following PE. Medical costs for VTE in the US have been estimated to total $5-10 billion per year [6] . Published estimates of the total economic impact of VTE, including the value of lost economic output due to premature mortality, are as high as $69 billion per year [7, 8] . This paper reviews published estimates of the burden of VTE on the US healthcare system in terms of per-patient and aggregate incremental direct medical costs.
Estimates of the incidence of clinically validated VTE diagnoses fall in the range of 1.0-1.5 per 1000 persons per year, excluding studies of adults over 45 years. Two US studies reported all-age annual incidence of 1.18 per 1000 population in Rochester County, MN, during 1991-1997 [9] and 1.33 per 1000 population in Worcester, MA, during 2009 [10] . Applied to the US population of approximately 320 million people those incidence rates suggest 375,000-425,000 recognized incident VTE cases per year, not including cases that remain undiagnosed and untreated. Two population-based studies from Canada and France reported incident (first) VTE diagnoses in 1.22-1.36 per 1000 people [11, 12] . Two prospective Norwegian cohort studies of adults of all ages reported incidence rates of 1.43-1.48 per 1000 person-years [13, 14] , which applied to 245 million US adults implies 350,000-365,000 incident cases per year in adults. Because VTE is a chronic condition, prevalence exceeds incidence; 1 million Americans may have prevalent treated VTE [15] .
Methods
Following publication of a critique [6] of published estimates of the economic burden of VTE in the US [7] , the author of that critique (SDG) conducted a non-structured literature review in late 2013. To maximize comparability, only studies based on US data published since 2002 were included for the primary search for estimates of first-year treatment costs for patients with an incident VTE. A subsequent structured search of PubMed was conducted in July 2014 to identify US studies that mentioned cost or economics in connection with "deep vein thrombosis".
Among 259 studies identified in the 2014 search, 59 English-language articles were examined for potential relevance on the basis of titles. Three of the 59 articles met the inclusion criteria of reporting estimates of per-patient incremental medical costs or expenditures for both inpatient and outpatient care for US patients with acute incident DVT or PE that were not restricted to narrowly defined patient groups, such as those undergoing surgery or treatment for cancer. Studies that presented data on charges alone were not included because hospital charges are typically a multiple of both resource costs and payments [16] . Similarly, studies that reported just treatment costs for patients with VTE rather than net costs relative to matched patients without VTE were not included. Studies that assessed only inpatient costs were excluded due to incomplete ascertainment of treatment costs. In addition, we reviewed studies that provided estimates of downstream costs of recurrence of VTE, complications of acute VTE, and complications of treatment as well as studies that modeled aggregate costs of incident VTE in the US.
We summarize estimates of incremental costs of medical treatment for incident cases of VTE and complications in the adult US population calculated from either the payer or the healthcare sector perspectives. Costs are calculated as the value of the resources needed to provide care or using average payments as a proxy for average costs.
We estimated the incremental or net medical costs of treating VTE and complications using an incidence-based approach that models the present value of medical costs for incident cases of VTE occurring in a given year, including costs in future years, relative to similar individuals who do not develop VTE. It differs from a treatment cost approach which focuses on affected patients and seeks to determine which services and costs were conditionspecific [17] . The incidence-based approach, unlike the prevalence-based approach that estimates costs during a given year for all individuals with a prevalent condition, allows analysts to calculate the avoidable average cost of a new case, which can inform economic analyses of the value of prevention [17, 18] .
The healthcare costs of treating a patient with an incident VTE include the costs of treating the acute event as well as the costs of complications of VTE, including recurrent VTE, and complications of treatment. Aggregate treatment costs in a year are the product of annualized treatment costs for each incident event times the probability that the incident event occurs in a year. It is crucial that the same case definition and ascertainment be used for both incidence and treatment costs, since using a looser definition for incidence than for costs can overstate aggregate costs [6] .
The per-person incremental or net cost of incident VTE is the difference in mean annualized costs between patients with and without VTE controlling for confounding by conditions that predispose people to VTE. One study of postoperative VTE in surgical inpatients found that the difference in expenditures controlling for confounding was less than one-fourth of the gross difference [19] . About one-fifth of patients who develop a VTE have active cancer [20] , which increases medical costs independently of VTE [21] . One controls for confounding by pre-event health status through multivariable regression analysis, propensity score matching, and adjusting for differences in average treatment costs during the year prior to the index event. One of the best predictors of healthcare costs is healthcare costs in the preceding year [22] .
We report average (mean) medical costs or expenditures per-person in 2014 US dollars using the Personal Consumption Expenditures (PCE) price index for health by function [23] . All costs in the text have been rounded to the nearest 100 dollars; the sum of rounded numbers may differ. The mean cost for an incident case is multiplied by the number of incident cases to calculate aggregate cost.
Results

3.1.
Person-level empirical estimates of incremental costs of care 3.1.1. Acute VTE and first-year costs-MacDougall et al. used claims data to calculate annualized costs of care for patients who had a first acute VTE event compared with similar patients, all of whom had 360 pre-index days free of claims associated with DVT or PE. The authors used regression analysis to control for age, sex, duration of follow-up, and pre-index comorbidities; 85% of VTE patients had a predisposing medical condition (Table 1 ) [24] . Monthly costs for individuals with less than 12 months of post-VTE claims data were annualized using regression to adjust monthly costs, based on data for patients with 12 months of data. Average adjusted annualized post-index medical costs for the VTE group were 12 times higher than for matched control patients controlling for post-index covariates, $42,100 vs. $3500, a difference of $38,600. However, medical expenditures for the year preceding the index event were also higher for the VTE group, $29,200, vs. $4600 for the control group. Subtracting the difference in pre-index costs from the adjusted post-index mean expenditures, the VTE-attributable per-patient cost during the year following the VTE event in the MacDougall et al. study was approximately $13,900 [24] . A previous review of VTE cost estimates cited the cost estimate that did not adjust for the elevated medical costs experienced during the year before the VTE event [25] .
Lefebvre et al. also used nationwide claims data restricted to adults with 12 months of insurance coverage prior to the index date, thereby identifying newly diagnosed and presumed incident cases of VTE. They used propensity score matching in an analysis of private insurance claims data; they matched 16,969 adults with a VTE during the period 2004-2008, who had no VTE during the preceding 12 months, with controls. The propensity score was generated using factors such as pre-index healthcare costs and comorbidity index [26] . The average length of follow-up was 260-270 days, with payments calculated on an annualized basis by dividing total costs per person by the number of months of data for that individual and multiplying by 12 [26] . The data were weighted by number of months, e.g., a person with 6 months of data is weighted by 0.5 relative to someone with 12 months of data (personal communication, Patrick Lefebvre, January 26, 2015) . Mean annual all-cause payer per-patient expenditures were calculated to be $37,800 and $19,800 for the VTE and non-VTE groups, respectively, a difference of $18,000 (95% confidence interval $16,700-$19,200) per person-year [26] .
The estimates reported by Lefebvre et al. would be valid if monthly treatment costs were constant over time. However, monthly treatment costs diminish following an acute VTE event as use of anticoagulants diminishes [24] ; 3-6 months of treatment is standard [27] . According to a methods reference cited by Lefebvre et al., analysts should include length of follow-up as a regression covariate to avoid biased estimation of annualized treatment costs if monthly costs are suspected to vary by duration of treatment [28] .
Spyropoulos and Lin reported health plan expenditures during 12 months following a hospitalization with DVT or PE for roughly 5700 persons during 1998 to 2004 with a secondary inpatient diagnosis of DVT or PE who had continuous enrollment for the following 365 days [29] . They matched patients who had a secondary hospital diagnosis of VTE with patients without any VTE diagnosis who had the same principal hospital diagnosis and subtracted the average cost of the latter from that of the former to estimate costs attributable to DVT/PE. The annual net cost of a VTE secondary diagnosis was approximately $12,400. In addition, the authors reported average gross payments of $18,100 for patients with a primary VTE diagnosis, which includes costs associated with conditions that may have provoked the VTE event. A limitation of the study design is that the exclusion of patients censored due to death or disenrollment can lead to biased estimates [30] .
Long-term complications -overall and VTE recurrence-Costs associated
with complications of acute VTE contribute to the economic burden of VTE ( Table 2) . Complications of acute VTE include both VTE recurrence and specific complications (e.g., PTS and CTEPH). Costs of treating complications during the first 12 months are included in the previous section. In one study recurrent VTE, PTS, and other complications (thrombocytopenia, superficial venous thrombosis, venous ulcer, pulmonary hypertension, stasis dermatitis, and venous insufficiency) accounted for 18.3% of the all-cause difference in first-year treatment costs [26] .
Between 10% and 30% of survivors of acute VTE develop a recurrent VTE within 5 years, with a peak following discontinuation of anticoagulation treatment [31] . The risk is higher for patients with unprovoked VTE, [32] and the long-term cost of an incident VTE event is likely to vary with the clinical context. The average cost for patients with recurrent VTE may also be higher because of comorbid conditions. In one study patients who had a recurrence within 12 months had average annualized expenditure $55,100 higher, but just one-fifth of the difference in expenditures, $11,000, was attributable to the treatment of VTE and complications [33] .
Little information is available on VTE-associated costs beyond the first year. A Swedish study by Bergqvist et al. at one hospital recorded complications during 10-15 years of follow-up among 257 patients with acute DVT and 241 matched patients who did not have an initial thrombosis [34] . The total incremental cost of treating complications between post-DVT patients and controls, excluding seven who developed an incident DVT, was equivalent to 73% of the first-year cost of treating incident DVT among those seven controls.
PTS can result in chronic limb heaviness, swelling, pain, paresthesia, and, in severe cases, venous leg ulcers, which occur in 4-6% of survivors of proximal lower-extremity DVT [35] [36] [37] [38] . Overall, PTS develops in 30-50% of patients with a proximal leg DVT [39] [40] [41] . Among 355 hospital patients in Quebec with acute DVT who developed PTS adjusted medical costs over the average for other patients with DVT after adjustment for confounders [42] .
Caprini et al. used Medicare fee schedules to predict first-year treatment of roughly $1100 for patients with mild-moderate PTS (without leg ulcers) and $5000 for severe PTS with open ulcers [43] . MacDougall et al. used billing codes to identify PTS in 25.9% of patients with a recent DVT or PE [24] . They calculated annualized medical costs for those with 2 to 11 months of follow-up by applying an adjustment factor based on those with 12 months of follow-up. Mean annualized medical cost for patients with PTS, $60,500, was higher by $14,800 relative to the cost for patients who did not have PTS, $45,700. After subtracting pre-index treatment costs, the incremental cost of treating PTS was roughly $7800.
CTEPH, a condition requiring lifelong anticoagulation [44] [45] [46] , develops in roughly 1% [47] [48] [49] [50] [51] , or 4% [52, 53] of survivors of PE. Patients who develop CTEPH are much more expensive to treat than other PE patients, with average monthly expenditures of $5500 and $600, respectively [54] . However, CTEPH patients are far more likely to have congestive heart failure or chronic pulmonary disease [54] . Also, patients with a massive PE are more likely to develop CTEPH [55] . No risk-adjusted treatment cost estimates were identified. (Table 2 ). Lefebvre et al. projected average direct treatment costs of $9900 for a major extra-cranial bleed and $120 for a clinically relevant non-major bleed [56] . O'Brien and Caro reported that major and minor bleeds occurred in 1.0% and 1.4% of treated patients, respectively, with estimated costs per bleeding event of $11,000 and $3500, respectively [57] . The per-patient cost of post-DVT bleeds on an annualized basis was approximately $300, with minor bleeds accounting for 31% of the total, or $100 per patient. Bullano et al. reported that the average cost of a bleed that required hospitalization was $22,800, and one managed on an outpatient basis cost $400 [58] . The average annualized costs of major and minor bleeds were approximately $1200 and $100 per patient with VTE.
Treatment complications-Adverse
The cost of heparin-induced thrombocytopenia (HIT) is not well established, with average costs of possibly $5000-7000 [57, 59] . HIT is unlikely to be a major cost of VTE treatment going forward because of decreased use of heparin.
Aggregate estimates of VTE treatment costs
Two US studies reviewed in this paper reported adjusted incremental medical costs of approximately $12,400-$13,900 per patient during the first 12 months, including first-year costs of complications [24, 29] . A third study that assumed constant monthly costs of VTE treatment throughout the first 12 months reported a higher estimate, but that study also reported a 95% confidence interval bracketing the point estimate by plus or minus 7% [26] . Applying that range to the other two cost estimates implies a range of $11,500 to $14,900 in first-year cost per adult with incident VTE.
If one subtracts the 18% added cost of complications during the first 12 months in a US study [26] from the 73% cumulative cost from a Swedish study [34] , complications beyond the first year conservatively add 55% to first-year costs. The total cost per patient with presumed incident VTE, assuming that complications over several years raise total cost by 55%, is therefore approximately $17,900 to $23,100. With a likely range of 375,000 to 425,000 incident cases diagnosed each year among US adults, our incidence-based estimate Grosse 
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of aggregate medical costs of treating VTE and its complications is $6.7 to $9.8 billion per year.
Mahan and colleagues presented estimates of both total and "indirect" (mortality) costs for two estimates of incident VTE cases in the US, 480,000 and 960,000 per year [8] . The difference between total and indirect costs is direct medical costs, which for the lower incidence rate was $9.3 billion in 2014 US dollars in the "base" model and $10.2 billion in the "long-term attack rate" version [8] . Those estimates imply an average cost per incident case of $19,400-$21,200. Despite the overall similarity to our per-person treatment cost estimates, their estimates of the costs for outpatient DVT events, PE events and hospital readmissions due to recurrent VTE were gross costs and did not net out medical costs for similar patients. Also, Mahan et al. adjusted costs for inflation using the medical care component of the Consumer Price Index (CPI), which excludes payments by Medicaid, Medicare Part A, and employers and whose growth has historically exceeded changes in allpayer healthcare prices [23, 60] . For example, their estimate of the average gross treatment cost for outpatient DVT events of $14,963 in 2010 dollars [7] adjusted from 1997 to 1998 cost data [61] compares with a cost in 2010 dollars of $13,138 using the PCE deflator that uses data for all healthcare payers.
Mahan et al. [7] may have overstated treatment costs for complications. The estimated cost of treating PTS was based on a study of patients with open leg ulcers [43] , who are the most severely affected patients with PTS, and are higher than other estimates [24] . Their estimated treatment cost for HIT was based on a study that used charges [62] , and the incremental cost of treating HIT may be less than $10,000 [58, 59] .
Discussion
These cost estimates are subject to caveats. First, use of administrative data could bias the average estimated cost of treatment through misclassification of who has an incident condition [16] . Although ICD-9 codes for DVT or PE have fairly high reliability in inpatient records, a fraction of inpatients with those codes do not have acute VTE [63] . Many outpatients classified as having VTE on the basis of an ICD-9 code for DVT and a prescription for an anticoagulant may not have acute DVT confirmed by medical records [64] . Second, cost estimates reflect the therapies available at the time studies were conducted; for example, novel oral anticoagulant agents used to treat VTE may be associated with fewer bleeding complications but higher medication costs [56] .
An incidence-based cost approach requires estimates of numbers of newly diagnosed patients with VTE, excluding recurrent events or diagnoses. Some published VTE incidence estimates that exceed the range used in this analysis were based on administrative data without clinical validation [3, 65] , or included recurrent VTE events. For example, two recent expert reviews [66, 67] cited a French study that reported a VTE incidence rate of 1.83 per 1000 [11] , but the incidence of first VTE events in that study was 1.36 per 1000. New US population-based surveillance studies with clinical validation of suspected cases [68] do not appear likely to alter the range of estimates.
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Future VTE treatment cost studies
Additional studies of medical costs attributable to VTE treatment are needed in order to incorporate newer treatment patterns, in particular novel oral anticoagulants, and control for potential confounding factors. In addition to chronic conditions, future studies might explore the impact of short-term or transient VTE risk factors such as acute infections, hospitalization or surgery on the estimates of VTE treatment costs [69, 70] .
Another challenge is to adjust VTE cost estimates for mortality. Medical costs rise sharply in the period just before death, which can be modeled using phase-of-care cost analyses in which costs vary nonlinearly with duration [71] . Short-term mortality is high among patients with incident VTE, but many deaths are due to life-threatening conditions such as active cancer, heart failure or severe respiratory disease [12] . Among hospitalized patients in one study diagnosed with acute PE, 15.3% subsequently died with 90 days, one-third of whom died from the PE [72] . One in 4 patients with an incident VTE die within 12 months, including 1 in 2 patients with cancer-associated VTE [12] .
More work is needed on costs of treating complications. For example, no risk-adjusted estimates of treating CTEPH are available; Mahan et al. [8] projected an annual cost of CTEPH treatment of roughly $15,000 in 2014 dollars based on an expert consensus document [73] . US studies have relied on private insurance claims data which are subject to attrition due to turnover in health plan enrollments. For example, one study of treatment patterns reported that fewer than 40% of subjects were continuously enrolled in a managed care plan for 1.5 years [74] . To assess long-term cost implications of complications, researchers should consider use of Medicare claims data or data from state all-payer claims databases.
Researchers could model the net cost of anticoagulation strategies taking into account costs associated with complications and bleeding or other treatment complications. Such analyses could include assessments of the impact of non-adherence to recommended anticoagulation therapy, the choice of anticoagulant agents, and extended VTE therapy using either oral anticoagulants or antiplatelets, i.e., aspirin. For example, Amin et al. recently analyzed the direct cost of VTE treatment using four new oral anticoagulants compared with warfarin [75] .
More studies are needed of the costs of treating VTE in specific patient groups such as major orthopedic surgical patients [76] and pediatric patients [77] . One study reported that the total cost of care during the first 6 months post-discharge from orthopedic surgery was $3500 [78] , whereas another study reported that the monthly cost during the first 3 months was $3300 higher than for matched controls [79] . One study reported that gross healthcare expenditures for pediatric patients with apparently unprovoked VTE averaged approximately $20,000, but no attempt was made to calculate incremental or attributable costs due to VTE [77] .
The net cost of incident VTE among patients with active cancer also requires clarification using data with clinical information. Average 12-month adjusted expenditures for privately insured US cancer patients who developed VTE have been found to be approximately $30,000 higher [80] [81] [82] . However, VTE-related treatment costs accounted for less than onethird of the overall cost difference [81] , and much of the cost difference may be due to differences in the distribution of factors that increase VTE risk, e.g., site and stage of cancers. VTE is a marker of aggressive tumors [83] ; patients with metastases have a 2 to 19-fold greater risk of VTE [21] and also a higher risk of VTE recurrence [84] .
Conclusion
We conclude that the best currently available estimates of the aggregate economic impact of incident or prevalent VTE cases on the US healthcare system are in the range of $7 billion to $10 billion per year, consistent with the majority of previous estimates [6] . Gross per-person treatment costs yield higher estimates, but people with VTE often have higher treatment costs for reasons unrelated to the VTE. It is essential to calculate risk-adjusted costs through use of adjustments for comorbidities or differences in pre-index treatment costs. Additional studies are needed to improve estimates of VTE-associated medical costs controlling for risk factors for VTE and assessing long-term costs associated with complications such as VTE recurrence, PTS, and CTEPH.
Grosse et al. Page 14 Table 1 Published estimates of per-patient acute venous thromboembolism costs. Table 2 Published estimates of per-patient venous thromboembolism-related complications costs. Simulation model NA Note: VTE = venous thromboembolism; CTEPH = chronic thromboembolic pulmonary hypertension; DVT = deep vein thrombosis; PE = pulmonary embolism; PTS = post-thrombotic syndrome; HIT = heparin-induced thrombocytopenia; ICD-9-CM = international classification of disease, ninth revision, clinical modification; CPT = current procedural terminology; HCPCS = health care common procedure coding system; UB = universal billing; GPI = generic product identifier; GLM = generalized linear model; NA = not applicable.
